nates in paralysis of the hind limbs. The CNS of mutant in ␤-gal Ϫ/Ϫ cells or in wild-type cells loaded with exogenous G M1 . The substantial uptake of this ganglioside by mice also show a massive, age-dependent accumulation of G M1 that accompanies gradual deterioration of both cell systems was assessed by thin layer chromatography (TLC) after a 48 hr incubation period (Figure motor functions (Hahn et al., 1997; Itoh et al., 2001) and progressive CNS inflammation  2B). The slow migrating band corresponding to GD 1a , which was more prominently present in the ␤-gal Ϫ/Ϫ Myerowitz et al., 2002; Wada et al., 2000) , which are characteristic of the human disease. However, the neurospheres, likely resulted from the conversion of accumulated G M1 into this sialoglycolipid (Figure 2B , lower mechanisms that determine how neuronal accumulation of specific metabolites, in particular gangliosides, trig-panel). In addition, immunostaining of neurospheres with anti-G M1 antibody demonstrated a preferential up-gers neurodegeneration in these diseases remain unknown in both species. Here we describe the age-take of this ganglioside by the neurons (see Supplemental Figure S1 at http://www.molecule.org/cgi/content/ dependent activation of the mammalian UPR in neurons of ␤-gal Ϫ/Ϫ mice and provide compelling evidence of full/15/5/753/ DC1). Comparison of wild-type, null, and G M1 -loaded wild-type MEFs and neurospheres revealed a novel mechanism linking neuronal degeneration with UPR activation, namely the abnormal accumulation of that G M1 accumulation provoked the dramatic transcriptional upregulation of BiP and CHOP, and a more modest a ganglioside, which alters the calcium content in the ER, and thus presumably causes an accumulation of but reproducible induction of Jnk2, and caspase-12. In both cell types, the increase in mRNAs observed with unfolded proteins. G M1 loading was either equal to or higher than the levels measured in untreated ␤-gal Ϫ/Ϫ cells ( Figure 2C ). We Results also tested whether the transcriptional upregulation of BiP and CHOP could result from the induction of the Morphology of the ER Is Altered in ␤-gal Ϫ/Ϫ Neurons active and stable form of the transcription factor XBP1, A massive accumulation of G M1 and glycosphingolipids which is known to be downstream of IRE1 activation and was evident in ␤-gal Ϫ/Ϫ mouse brain at early stages of to act upstream of these genes upon UPR activation. disease (Hahn et al., 1997) . At the ultrastructural level, Indeed, we found that the levels of spliced XBP1 protein ␤-gal Ϫ/Ϫ spinal cord neurons were filled with swollen were increased in both G M1 -loaded wild-type and vacuoles containing sheaths of membranous material ␤-gal Ϫ/Ϫ neurospheres compared to untreated wild-type and occasionally ribosomes and remnants of ER ( Figure  cells (Figure 2D, lines 1, 2, and 3) . 1A, lower middle and right panels). The ER in ␤-gal Ϫ/Ϫ Upregulation of Jnk2 and caspase-12 mRNAs was cells was compressed among the numerous lysosomes accompanied by the more conventional posttransla-( Figure 1A) . We confirmed this observation by immunotional activation of Jnk2 and caspase-12, which resulted histochemical labeling of spinal cord sections with an in the phosphorylation of Jnk2 and cleavage of caspaseantibody against calnexin, an integral ER membrane 12 to the p42 and p20 forms associated with apoptosis chaperone. Calnexin was diffusely expressed in wildtype neurons but displayed a darker, localized staining ( Figure 2D, lanes 2 and 3) . Although CHOP can be inpattern in ␤-gal Ϫ/Ϫ neurons ( Figure 1B) . To relate the duced by both cytosolic and ER stress pathways (Ma morphologic changes with neurodegeneration, we peret al., 2002) and JNKs participate in other cellular events formed TUNEL assays on spinal cord sections from afbeside the UPR, the cleavage of caspase-12 is an ER fected mice and normal mice. We counted considerably stress-specific event that leads to the activation of more TUNEL ϩ cells in ␤-gal Ϫ/Ϫ tissue than in wild-type downstream apoptotic pathways. To directly assess tissue, and the apoptotic cells were scattered throughwhether activation of these markers led to apoptosis, out the spinal cord. The number of apoptotic cells FACS analysis was performed on cells labeled with peaked at 5 and 7 months of age but decreased in older Annexin-V-FITC. In wild-type MEFs treated with 50 nmol mice ( Figure 1C ), a finding that probably reflects an G M1 , the percentage of early apoptotic (11.8%) and late overall reduction in the total number of cells in aging anapoptotic cells (14.5%) increased considerably comimals.
pared to the percentage measured in untreated wildtype cells (7.8% and 6.1%, respectively) and was similar to that measured in ␤-gal Ϫ/Ϫ MEFs (25.7% and 15.1%, G M1 Loading of Wild-Type MEFs and Neurospheres Elicits an ER Stress Response respectively) ( Figure 3A ). We also demonstrated by immunofluorescence TUNEL assays that both G M1 -loaded The sporadic but consistent occurrence of apoptotic cells in the CNS of the mutant mice and the structural wild-type neurospheres and ␤-gal Ϫ/Ϫ neurospheres contained a large number of apoptotic cells, which were alterations in the ER were suggestive of ER stress. We hypothesized that excessive accumulation of G M1 could not detected in untreated wild-type neurospheres (Figure 3B) . These findings strongly support a relation be-perturb ER homeostasis and trigger activation of the UPR, resulting in cell death. To test this hypothesis, we tween accumulation of G M1 and activation of the UPR molecular effectors that eventually provoke cell death. used two different cell culture systems, murine embryonic fibroblasts (MEFs) and neurospheres isolated from Although the activation of CHOP, Jnk2, and caspase-12 indicates that G M1 accumulation leads to UPR induc-wild-type and ␤-gal Ϫ/Ϫ mice. Cultured neurospheres from ␤-gal-deficient animals maintained the morphology tion, which in turn may cause cell death, a direct correlation between ER stress and the subsequent cell death and cell composition of neurospheres isolated from wild-type controls, as determined by immunolabeling was yet to be established. We used a Chinese hamster ovary (CHO) cell line that overexpresses BiP and as a with markers specific for neurons and astrocytes ( Figure  2A ). We first examined whether the downstream ef-result is unable to signal ER stress and activate the various downstream signaling cascades (Dorner et al., fectors of ER stress-mediated apoptosis were induced (B) Immunolabeling with anti-calnexin antibody showed that the level of expression of this ER-membrane protein is higher and more localized in 5-month-old mutant mice than in wild-type mice. Magnification, 60ϫ. (C) TUNEL assays revealed sporadic apoptotic cells in the spinal cord of ␤-gal Ϫ/Ϫ mice. TUNEL ϩ cells were counted on serial sections spanning 6 mm of spinal cord. The number of apoptotic cells present in ␤-gal Ϫ/Ϫ knockout (ko) mice is reported as fold of increase over that in agematched wild-type (wt) mice. Substantially more apoptotic cells were detected in the sections from mutant mice than in those from wildtype mice. 
1992). Wild-type CHO cells and BiP overexpressing CHO
cellular accumulation of this ganglioside would cause cells were loaded with G M1 and subsequently examined its build up at the level of the ER and activate the UPR for apoptosis. Consistent with the results we obtained by disturbing the ER calcium homeostasis rather than using MEFs and neurospheres, G M1 -loaded CHO cells by directly binding to BiP. Disruption of ER calcium showed a clear increase in the number of Annexin-V ϩ homeostasis is a potent inducer of the UPR (Paschen, cells after 48 hr of G M1 loading, which was comparable 2003). Thus, UPR activation and the accompanying neuto that observed when tunicamycin was used to activate ronal injury in the ␤-gal Ϫ/Ϫ mice could be induced secthe UPR ( Figure 4A ). In contrast, the cells that overexondarily by G M1 -mediated changes in the level of calcium pressed BiP did not show an increase in Annexin-V in the ER. To test this hypothesis, we first determined staining after G M1 loading, which was consistent with the subcellular localization of this ganglioside in both their inability to induce the stress response and apopto-␤-gal Ϫ/Ϫ and G M1 -loaded wild-type MEFs, and compared sis after tunicamycin treatment ( Figure 4A ). Both cell it to untreated wild-type MEFs.
Immunofluorescent lines were capable of undergoing apoptosis in response staining of these cells with anti-G M1 and anti-calnexin to staurosporine, a broad-spectrum protein kinase inantibodies revealed that a substantial pool of intracelluhibitor that induces apoptosis in a variety of cell types lar G M1 colocalized with the ER marker calnexin in both (Suzuki et al., 1995; Weil et al., 1996; Wiesner and Daw-
␤-gal Ϫ/Ϫ and G M1 -loaded wild-type cells ( Figure 5A ); inson, 1996), a finding that confirmed that the BiP overexstead, ER-localization of the ganglioside was not evident pressing cells have functional apoptotic responses to in wild-type cells ( Figure 5A ). These results further supnon-ER-specific stimuli. Together, these results demonported the hypothesis that UPR activation in ␤-gal Ϫ/Ϫ strate that G M1 accumulation in a variety of cells leads cells could be a consequence of the abnormal accumuto UPR activation, which in turn is responsible for induclation of G M1 at the ER membrane that would perturb ing apoptosis. calcium homeostasis. We therefore measured the release of calcium from ␤-gal Ϫ/Ϫ neurospheres, wild-type neurospheres loaded with G M1 , and untreated wild-type ( Figure 5B, black tracing) . In contrast, ␤-gal Ϫ/Ϫ neuro-content was already depleted ( Figure 5B ). As expected, BiP-overexpressing CHO cells responded to G M1 -load-spheres (red tracing) and G M1 -loaded wild-type neurospheres (blue tracing) were not affected by Tg treat-ing similarly to wild-type cells by releasing their ER calcium content, albeit these cells could not activate the ment, a finding that indicates that their ER calcium Figure 4B ). Together these data suggested a link CHOP and BiP Induction in ␤-gal Ϫ/Ϫ Spinal Cord Accompanies Jnk2 and Caspase-12 Activation between the accumulation of G M1 in the ER and calcium content in this compartment. However, to exclude the Based on the in vitro evidence that excessive intracellular G M1 is sufficient to trigger an ER stress response, we possibility that G M1 accumulation in the ER would affect the kinetics of calcium release rather than causing ER examined by real-time PCR CHOP, BiP and Jnk2 mRNA levels in spinal neurons of ␤-gal Ϫ/Ϫ and wild-type mice calcium depletion, we measured the amount of calcium in the ER of deficient cells by using an ER-targeted between 3 and 7 months of age. BiP activation, albeit low during the early stages of the disease, was clearly cameleon construct (Miyawaki et al., 1997) . This construct encodes a tandem fusion of an ER signal sequence, a detected at 7 months of age in knockout as compared to wild-type mice (Figure 6B, upper panel) . In contrast, cyan-emitting mutant of GFP (CFP), calmodulin, the calmodulin binding peptide M13 and an enhanced yellow-the levels of CHOP and Jnk2 mRNAs in ␤-gal Ϫ/Ϫ spinal cords were already substantially higher than that of wild-emitting GFP (YFP). Upon calcium binding, calmodulin and M13 fold on each other, therefore increasing the type spinal cord at 3 months of age and remained elevated during disease progression; maximal induction of fluorescence resonance energy transfer (FRET) from CFP to YFP (Miyawaki et al., 1997) . Expression of this both transcripts occurred at 3 and 5 months of age ( Figure 6B, middle and lower panels) , and followed a fluorescent indicator in wild-type and ␤-gal Ϫ/Ϫ cells resulted in a decreased FRET signal in mutant cells com-nearly identical pattern of expression in time compared with the number of apoptotic cells detected by TUNEL pared to wild-type cells, confirming that their ER calcium content was depleted ( Figure 5C ). assay ( Figure 1C) .
Depletion of ER Calcium Stores Triggers

UPR (
Comparison of caspase-12 transcripts in age-matched mice revealed that ␤-gal Ϫ/Ϫ mice had a 3.2-fold higher levels at 3 months of age, 3.7-fold higher at 5 months, and 1.4-fold higher at 7 months ( Figure 6C, lanes 2, 4,  and 6 ). This pattern of induction of caspase-12 paralleled that of CHOP and Jnk2 at similar stages of the disease (Figures 6B) .
The increased CHOP mRNA was accompanied by the upregulation of the CHOP protein in ␤-gal Ϫ/Ϫ spinal cord lysates, which was higher than that detected in wildtype lysates throughout disease progression ( Figure 7B,  lanes 2, 4, and 7) . (Figure 7A, lanes 2 and 4) . In addition, we observed an age-dependent increase in the phosphorylated form of Jnk2 ( Figure 7C, lanes 2, 4, and 6) and found that the 62 kDa procaspase-12 was cleaved to a 42 kDa form in ␤-gal Ϫ/Ϫ lysates (Figure 7D, lanes 2 and  4) , but not in the wild-type lysates ( Figure 7D, lanes 1  and 3) . Although CHOP can be induced and Jnk2 activated by a number of cellular stresses, caspase-12 1 and 3) . (lanes 2, 4, 6) amine onto a glycolipid acceptor to give rise to complex compared to age-matched wild-type mice (lanes 1, 3, 5 Figure 6B) . No induction of these transcripts was observed in the Neu1 Ϫ/Ϫ sample ( Figure 6B) . not shown). Second, real-time PCR analysis of spinal Consistent with the mRNA findings, the protein stud-take into the ER. The disruption of intracellular calcium homeostasis in ␤-gal Ϫ/Ϫ cells could ultimately affect proies showed that the level of CHOP was normalized in tein folding in the ER and induce the UPR through the ␤-gal Ϫ/Ϫ /GalNAcT Ϫ/Ϫ spinal cords ( Figure 7B, lane 5) , conventional routes, suggesting a mechanism for the and the increase in procaspase-12 detected in ␤-gal Ϫ/Ϫ accumulation of a ganglioside inducing the UPR. mice was also abolished, as measured by the amount The UPR represents a balance between protection of its cleaved form ( Figure 7D, lane 5) Finally, the fact that Neu1 Ϫ/Ϫ mice also lack activation of CHOP and Jnk2 argues for a strict association be- and wild-type MEFs, with or without G M1 -ganglioside loading. Total RNA or mRNA was used to analyze the CHOP transcript; only mRNA with either anti-rabbit calnexin antibody or anti-rabbit CHOP antibody as described earlier (Rottier et al., 1998) . Antigen-antibody was used to analyze the BiP, Jnk2, and caspase-12 transcripts. All probes chosen for the four genes, BiP, CHOP, Jnk2, and caspase-complexes were detected by using the ABC-HRP system (Vector) according to the manufacturer's protocol. For the electron micro-12, met the established criteria for TaqMan probes (PE Biosystems). The BiP probe (5Ј-AATGAGCCTACAGCAGC-3Ј) spanned residues scopic studies, spinal cords were post-fixed in 1% osmium tetroxide and en bloc stained with 1% uranyl acetate. After standard dehydra-612 through 628 and had a melting temperature (T m ) of 68ЊC; the CHOP probe (5Ј-TCCACGTGCAGTCAT-3Ј) spanned residues 62 tion, samples were infiltrated and embedded in Spurr low-viscosity resin (Electron Microscopy Sciences) and polymerized at 60ЊC for through 76 and had a T m of 68ЊC; the Jnk2 probe (5Ј-TGGCGCGAA CAGCCTGTACCAACTT-3Ј) spanned residues 562 through 586 and in blocking buffer and subsequently probed with the specific antibodies for 3 hr at room temperature. Anti-tubulin antibody or anti had a T m of 70ЊC; and the caspase-12 probe (5Ј-TCCCGGGAATTAG CACAGGCAACTC-3Ј) spanned residues 1266 through 1291 and had HSC 70 antibody were used as loading control. The blots were developed by using the Enhanced Chemiluminescence Kit (NEN-Per-a T m of 69ЊC. These probes were synthesized by using PE Applied Biosystems technology.
Lack of G M1 -Ganglioside In Vivo Abolishes
(lanes 2 and 4) compared to wild-type animals (lanes
Culture of Multipotent Neurospheres and
kin Elmer Life Sciences). Each probe was labeled with 6-carboxy fluorescein (FAM) at the 5Ј end and 6-carboxy-tetramethyl rhodamine (TAMRA) at the 3Ј end.
Annexin-V Labeling of MEFs All reactions (50 l) were performed with 100 to 300 ng mRNA or 3
Wild-type and ␤-gal Ϫ/Ϫ MEFs were collected after 3 or 6 passages g total RNA, 25-l Master Mix Reagent Kit (Applied Biosystems), and incubated with 50 nmol G M1 -ganglioside for 48 hr at 37ЊC. 120 pmol TaqMan probe, and 10 M specific primers. The following Annexin-V-FITC was used to label cells in the early stages of apoptoamplification conditions were used: 10 min at 25ЊC, 30 min at 48ЊC, sis, and propidium iodine was used to label cells in the late stages and 10 min at 95ЊC. These conditions were followed by 40 cycles of apoptosis; these cells were then quantified by FACS. of denaturation for 15 s at 95ЊC and annealing for 1 min at 60ЊC. The amplification was performed by using an ABI Prism 7900HT Endoplasmic Reticulum Calcium Measurements sequence detection system (Applied Biosystems) equipped with For the INDO-1 assay, neurospheres, wild-type CHO cells and CHO a 96-well thermal cycler. Data were collected and analyzed with cells overexpressing BiP were loaded with the fluorescent calcium Sequence Detector software (version 2.0; PE Biosystems). All the tracer INDO-1/AM (10 M; Molecular Probes) for 40 to 60 min at reactions were performed in triplicate and were standardized 37ЊC in DMEM 10% FBS, and 0.025% (w/v) Pluronic (Sigma). Excess against the 18S rRNA for the total RNA reactions or against GAPDH INDO-1/AM was removed by washing the samples twice with Hanks' RNA for the mRNA reactions by using specific primers/probes (Apbalanced salt solution. Subsequently, the cells were stimulated with plied Biosystems) labeled with VIC at the 5Ј end and with TAMRA 1 M Tg. FACS analysis was used to monitor the fluorescent emisat the 3Ј end. sion ratio at 400 Ϯ 20 nm and 480 Ϯ 20 nm as a measure of the concentration of intracellular calcium after excitation at 357 nm.
RNase Protection Assay
For FRET analysis, the previously described ER-targeted fluores-To detect the expression of caspases, we performed RNase proteccent indicator, yellow cameleon-3er ( 
